Thirty patients with a reduced central vision due to diseases of the posterior pole were examined with the VERIS system developed by Sutter and Tran (Vis Res 1992;32:433-446) to characterize the topography of electroretinographic (ERG) changes in comparison to the results in 30 normal volunteers. Diagnoses included Stargardt's macular dystrophy (SMD, n =10), age-related macular degeneration (AMD, n= 5), cone dystrophy (CD, n= 5), central retinal vein occlusion (CRVO, n= 5), and autosomal dominant optic atrophy (ADOA, n =5). The 61 local responses obtained from each subject were grouped by eccentricity to form five concentric rings. The foveal ERG, originating from a central area of 2°radius, was non-recordable or markedly diminished in all patients except those with optic atrophy, where amplitudes were found to be in the normal range. In patients with advanced stages of SMD, functional defects were larger and involved more peripheral areas than in patients with early stages of SMD or with AMD. A reduction of response amplitude even in the most peripheral ring (17 -30.5°eccentricity) was found in cone dystrophies and-moderately-in patients with advanced SMD and central retinal vein occlusion only. Prolonged implicit times were found in all but the patients in early stages of SMD and they were maximal in patients with CRVO. This study shows that the multifocal ERG (MFERG) can contribute to differential diagnosis of retinal diseases of the posterior pole especially in cases with a normal photopic Ganzfeld ERG.
Introduction
Multifocal electroretinography (MFERG) based on the m-sequence stimulation technique [1 -3] allows quick simultaneous recording of many local electroretinograms from the posterior pole. The response density distribution of the first order kernel computed from the data is in good accordance with the cone density distribution found by histological methods [4, 5] . Recently, a close relationship of signal generation and shape between the first order kernel response of the multifocal ERG and the photopic Ganzfeld-ERG was demonstrated [6] .
The multifocal ERG is thus a powerful tool in patients with an affected cone system, especially when defects are localized and therefore not detectable with Ganzfeld-electroretinography. First reports [7] [8] [9] have shown the possibility to map cone function in patients with regional defects of the outer retinal layer. In a normative value study, Parks et al. [10] have furthermore demonstrated that the retest-variability of the method is comparable to that of standard electrophysiological methods.
The purpose of the present study was to investigate and describe differences in regional cone dysfunction between groups of patients with impaired vision due to diseases affecting predominantly the posterior pole. To reveal which MFERG components are most susceptible to pathological alteration, waveforms of individual normal volunteers and patients are presented. Quantitative analysis was performed by measuring peak response densities and timing.
Materials and methods

Subjects
Six groups of five patients each were formed on the basis of clinically established diagnoses, yielding a total study population of 30 patients. Group diagnoses included early Stargardt's macular dystrophy (SMD), advanced SMD, age-related macular degeneration (AMD), cone dystrophy (CD), central retinal vein occlusion (CRVO), and autosomal dominant optic atrophy (ADOA).
The diagnosis of SMD was based on history, symmetric bilateral involvement, the typical alterations of the pigment epithelium layer (assessed by fluorescence angiography if necessary), by visual field, and by Ganzfeld-electroretinography according to the ISCEVstandard. Patients in the early SMD group differed from those of the advanced SMD group by a central scotoma less than 10°in diameter. Visual fields were tested with a Tü bingen automated perimeter (Oculus, Germany) using program No. 1 (30°visual field, 190 test points, suprathreshold strategy, stimulus size 10%, maximal stimulus intensity 1000 cd/m 2 , background intensity 10 cd/m 2 ). Patients in the AMD-group all had the atrophic form of the disease. In none of the patients were hemorrhages or neovacularizations present.
In Table 1 , information on age (in years), sex (m= male, f =female), and the visual acuity (VA) of the analysed eye is given for the individual patients. If the lesions were symmetrical in both eyes the left eye was analyzed; in asymmetrical cases the more affected one was investigated. If the right eye was analyzed it is indicated with 'OD'.
Thirty normal volunteers (age 22 -58, median 31) were examined with the multifocal ERG under the same conditions, to serve as a control group. They had full visual acuity, refractive errors below 9 6.0 diopters, and no history of eye disease or other relevant disorders.
Informed consent was obtained from patients and controls after description of the procedures. Tenets of the declaration of Helsinki were followed and institutional human experimentation committee approval obtained.
Stimulation
The stimulus, consisting of 61 hexagons covering a visual field of 30°, was presented on a monitor with a frame rate of 75 Hz at a distance of 28 cm from the subject's eye. The radius of the central hexagonal element was 2°. Since element areas are scaled by eccentricity, the most eccentric areas are 4.7 times larger than the central area (Fig. 1) . Each element, which was either black or white (93% contrast, mean luminance 51.8 cd/m 2 ), changed following a binary m-sequence independent from other elements. In a time of 3.63 min, 16383 different stimulus permutations were presented. A red central fixation point of 2 mm in diameter was used.
Electrophysiological recordings
Both eyes were dilated with tropicamide (0.5%) and phenylephrine (5%) and the refractive errors corrected. ERG responses were recorded by means of DTL fiber electrodes (UniMed Electrode Supplies, England), which were positioned on the conjunctiva directly beneath the cornea and attached with its two ends at the lateral and nasal canthus. The reference and ground skin electrodes (gold cup electrodes) were attached to the ipsilateral temple and forehead, respectively.
The signal was amplified (× 200000) and bandpassfiltered (10-100 Hz; Grass-amplifier, model 12, Quincy, USA).
Each recording session was subdivided into 20 recording segments of approx. 11 s duration, during which the subjects were not allowed to talk or move. The total duration of a recording session was about 5-7 min.
Data analysis
The VERIS Scientific software™, using a fast mtransform algorithm [1, 3] , was employed for the calculation of the 61 local ERG responses from the measured signal. Specifically, first order kernels were used in this study because of their close correlation with the function of the outer retina. The program for the Macintosh Quadra was provided by Dr Sutter, EDI, San Francisco. Fig. 1 . Geometry of the test field containing 61 stimulated areas. For further analysis these areas were grouped into five concentric rings (1 -5) . Table 1 For the individual patients of the six disease groups age (in years) The resulting 61 ERG traces are shown in form of a trace array in Fig. 2a , each response positioned at its approximate place of origin in the visual field.
For comparison of diseases, five regional groups were formed by averaging responses from elements of equal eccentricity ( Fig. 1 ). Amplitudes and implicit times of their major components were then analyzed. Additionally, three-dimensional plots of the response density using the scalar product method [2] are shown in Fig.  2b . The scalar product is a dot product of the local ERG response with a normalized template. In the normal volunteers and the patients with ADOA ring averages served as templates, in the other patients an average of the entire field was used.
For statistical analysis a t-test was applied.
Results
Normal ERG topography
Fig . 2 illustrates the normal multifocal ERG results. In Fig. 2 (a, and b) data from the left eye of one male volunteer aged 35 are presented. Due to scaling of the stimulus (the area of the hexagons increases towards periphery to compensate for lower cone density, Fig. 1 ), the resulting 61 local ERG responses are almost equal in amplitude (Fig. 2a) . In the region of the blind spot, which is located on the left side of the trace array in analogy to a visual field plot, the evoked response is smaller than the corresponding one on the other side of the retina. Table 2 The mean amplitudes (response densities innV/deg 2 ) and mean implicit times (ms) of the three major deflections N1, P1 and N2 ( 9S.D.) of all 30 normal volunteers are presented. The values were measured from the baseline. The peak amplitude was measured between N1 and P1. As expected from retinal anatomy, there was a continuous decrease in response density from the maximum at the fovea towards the periphery. The scalar product method proposed by Sutter and Tran [2] , using the scalar product as a measure of overall signal amplitude, is the basis for the three-dimensional response density plot (Fig. 2b) provided by the VERIS software. Besides the decrease in response density with eccentricity, localized areas of low amplitude such as the blind spot are also visible.
In Fig. 2c the foveal ERG (ring 1), and in Fig. 2d the averaged ERGs of 17-30.5°eccentricity (ring 5), for five normal volunteers are shown. The responses are density scaled. The response density can be obtained by dividing local ERGs by the area they were elicited from. A typical waveform begins with a negative deflection (N1), followed by a positive deflection (P1), and a second negative deflection (N2). In addition, there are two to three further components that are not as consistent as the three ones mentioned, as they are often masked by noise.
Response densities and implicit times of the major components N1, P1, N2 of all 30 normal volunteers are presented in Table 2 for the five eccentricity groups. All component densities decreased with eccentricity, although there was no further decrease from ring 4 (10.5-22°) to ring 5 (17-30.5°). The implicit times were highest in the fovea (ring 1) and lowest in ring 3 (5 -13°) for all three components. Table 1 ), the asterix indicates data from the patient used in the left panel. Table 3 summarizes the data for comparison of mean response densities and implicit times between all six groups.
Patients
3.2.1. Early SMD (Fig. 3) Patients with juvenile (SMD) and age-related (AMD) maculopathies exhibited patterns of extinguished or markedly diminished responses in the center, which approached normal values towards the periphery.
In the early SMD group (field defect of less than 10°i n diameter), a deep functional defect was restricted to the macula. The three-dimensional plot of the response density had a crater-like appearance due to that central defect. Only in one patient with a visual acuity of 0.8 and a small relative macular scotoma, could a residual foveal response be recorded (Fig. 3c, top trace) , while in the other four patients there was no foveal response (Fig. 3c,  lower traces) . Response densities in the peripheral ring 5 (17-30.5°) were only insignificantly decreased. No change of implicit times could be detected (Table 3 ). (Fig. 4a and b) A significant macular response could not be recorded in any of the patients with advanced SMD (field defect of more than 10°in diameter). In two cases, the response density was markedly diminished up to ring 5 (Fig. 4b) , but in contrast to cone dystrophy patients, all responses in ring 5 could be clearly distinguished from noise. Compared to the normals, the response densities in the advanced SMD patients were significantly lower in the entire test field. Implicit times, as far as they could be determined, were moderately but significantly prolonged (Table 3) . (Fig. 4c and d) Similar to moderate SMD, the functional lesions in AMD were also restricted to the macular area, with good responses in the periphery. However, implicit times, were prolonged (Table 3) . Table 3 Mean peak amplitude (response density innV/deg In the third column in each group the level of significance for the difference of the patient-and normal group is given (n.s. =not significant). 
Ad6anced SMD
AMD
Cone dystrophy (Fig. 5)
All patients with cone dystrophy had strongly reduced or non-detectable responses in the entire test field. The patient shown in Fig. 5(a and b) had no focal response distinguishable from noise in any of the 61 focal ERG traces. In all patients with cone dystrophy, no foveal response was discernible, and the response densities were diminished up to ring 5 (Fig. 5d , Table  3 ). The implicit times were prolonged (Table 3). 3.2.5. CRVO (Fig. 6) In the patients with CRVO, the functional defect was similar to that found in maculopathies. No foveal responses were found that exceeded the noise level, but, unlike early SMD and AMD, the peripheral responses were also significantly diminished. The smaller wavelets following N2 in normals were absent. The implicit times were markedly prolonged in the entire test field (Table 3) . Frequently, a patchy appearance of the trace array and the three-dimensional response density plot was found (Fig. 6b ) caused by areas with normal and with markedly diminished responses in the direct vicinity.
3.2.6. ADOA (Fig. 7) Normal multifocal ERG amplitudes within the entire test field were found in all patients with autosomal dominant optic atrophy, regardless of their decreased visual acuity. Although foveal response densities were within the normal magnitude, the waveforms seemed to be more noisy (Fig. 7c) . Also, implicit times in the macular responses (ring 1 and 2) were significantly prolonged, whereas extramacular implicit times were normal (Table 3) . 
Discussion
The multifocal ERG allows mapping of the outer retinal function with a high resolution on the basis of photopic electrophysiological responses. The m-sequence technique of Sutter [1, 3] makes it possible to obtain a large number of focal ERGs simultaneously with a good signal to noise ratio. A new stimulus picture is presented every 13.3 ms (monitor frame rate of 75 Hz), so that the recording sequence can be completed within minutes. Since the interstimulus intervals are potentially shorter than the recovery time of the retina, each retinal region is differently pre-adapted by the previous stimulation sequence. Therefore, the responses cannot be obtained just by averaging multiple recordings as in a flash-ERG, but some computation is necessary to determine the contribution of each stimulated area (by a cross-correlation with the m-sequence) and to extract the linear portion (first order kernel) of this local response.
Sutter and Bearse [11] have also isolated ganglion cell components from the non-linear second order kernel of the multifocal ERG. Contributions of the inner retina to the linear first order kernel response are thought to be negligible. The group of patients with autosomal dominant optic atrophy (ADOA), all showing a first order kernel response of normal amplitude (Fig. 7) , reinforces this assumption, and may serve as a proof for the hypothesis that first order kernel data represents mainly the outer retinal layers at least with high contrast stimulation [12] . Hood et al. [6] have found a close relationship between Ganzfeld-ERG and multifocal ERG first order kernels. After slowing down the stimulation rate of the MFERG by the insertion of frames with background intensity, responses with an a-and b-wave and an oscillatory potential (PC1 in their nomenclature), similar to the Ganzfeld-ERG, were recorded. They showed that if a fast stimulus sequence is used, PC1 and the b-wave merge to form a single wave. The same effect was seen in the case of slow stimulation together with a high background intensity. The authors conclude that the multifocal ERG obtained with a fast stimulation sequence is equivalent to a photopic ERG under conditions of a high light adaptation level. The waveforms recorded here in normal subjects show this relatively simple shape (Fig. 2) , which was described above in the results section.
A comparable decrease in response density with eccentricity ( Table 2 ) was previously detected with conventional focal stimulation using a Maxwellian view system [13] . Variations of the implicit time with eccentricity were also found by these authors and further analyzed by Yamamoto et al. [14] using focal laser beam stimulation in monkeys. The spatial distribution of implicit times of multifocal ERGs was recently investigated by our group [15] . The higher implicit time at the fovea (Table 2 ), compared to more peripheral areas (with a minimum in the parafoveal region), complies with these results.
Given that the multifocal ERG is in principle a photopic ERG under special conditions of light adaptation, the most impressive alterations in the multifocal ERG can be expected in patients with general receptor dystrophies leading to reduced and delayed Ganzfeld responses. Consequently, the most prominent and widespread changes of amplitudes were found in the cone dystrophy group. Since there were barely any clear responses in the macular region it was difficult to reliably measure implicit times. For the averaged responses of the three more peripheral rings implicit times were highly significantly prolonged, as expected from the Ganzfeld-ERG. Juvenile (Stargardt's) and age-related maculopathies were considered diseases in which a primary defect in the retinal pigment epithelium leads to a secondary, localized degeneration of photoreceptors. Recently, a defect in the ABCR-gene which is expressed in rods was found in patients with Stargardt's macular dystrophy [16] . Therefore, changes in the pigment epithelium and cones might be secondary to a primary defect in the rod photoreceptors at least in some of the patients. Similar mechanisms were proposed for AMD [17] . The following thoughts may illustrate why Ganzfeld-ERG cannot detect the photoreceptor loss in these diseases. The area stimulated by the multifocal ERG setup used here covers roughly 35% of the entire cone population. The contribution of the macular area (ring 1 and 2) to the overall sum of multifocal ERG responses is only about 12%. Under the simplifying assumption that all cones are reached by the photopic Ganzfeld-ERG and each cone contributes equally, the estimated loss caused by an isolated defect of the macula would be about 4%, which is certainly within the range of inter-individual variability in normals.
The data presented show that the multifocal ERG detected the central functional defect in every patient with a maculopathy, regardless of the stage of the disease. Even in the SMD patient with nearly full visual acuity, the foveal responses were diminished. The differences in spatial activity distribution between the early and the advanced SMD group followed largely the extension of visual field defects; in the early SMD group (field defect diameter B 10°), electroretinographic lesions were much smaller than in the advanced SMD group with a larger defect in perimetry. In many cases, multifocal ERG can be used to verify unclear visual field defects of retinal origin, although it is not possible to predict visual field defects from a reduced or extinguished MFERG. The implicit times were normal in the early SMD group and significantly prolonged in advanced SMD and AMD. Since the size of this increase is moderate, the patients with maculopathies can be better distinguished from normals by the loss of the central responses than by the changes of implicit times. In contrast, increases in implicit times in the affected region in MFERG are much more pronounced in Retinitis pigmentosa [15] .
The overall outcome of the multifocal ERG in patients with CRVO was a decrease in amplitude and an increase in implicit times as in flicker Ganzfeld-ERG. The effect on the fovea was more pronounced than the effect on the extramacular area. One reason for this may be the greater susceptibility of the macula to develop oedema [18] . Compared to the findings in maculopathies, the defect had a patchy appearance.
There was no negative waveform in the ERG of the patients with CRVO. The filter settings may influence the shape of the waveform, as addressed by Keating et al. [19] . Since the high pass filter was set to 10 Hz, negative values cannot be expected as in Ganzfeldflicker-ERG recordings following the ISCEV standard [20] . Secondly, the fast stimulation technique used in this study with an average stimulation frequency of 37.5 Hz might elicit waveforms similar to GanzfeldFlicker-ERG [6] .
The smaller wavelets following N2 in normals were absent in CRVO. They were present in the patients with maculopathies with similar decrease of peak-to-peak amplitude and in the patients with ADOA. Therefore, these potentials might be generated in inner retinal layers but distal from the ganglion cells. Similar changes were found by Palmowski et al. [21] in diabetic subjects in the second order kernel.
The shape of the waveform with its major components N1, P1, and N2 was not affected by the different diseases beyond amplitude reduction and implicit time increase. Again, this is similar to the GanzfeldFlicker-ERG.
The patients with autosomal dominant optic atrophy could be clearly distinguished from any of our other patients since amplitudes in all areas were normal. Multifocal ERG can therefore separate patients with maculopathies from patients with optic nerve diseases, which is important for differential diagnosis. Foveal implicit times were significantly prolonged in these patients compared to normal volunteers. Although the responses were more noisy in the ADOAgroup than in normals, the prolonged implicit times can be considered to be due to the pathophysiology of the disease, since noise would bias measurements in all 61 elements in the same direction. In the five patients with a decreased visual acuity and a central scotoma, only the macular implicit times were increased, while extramacular implicit times were normal. An abnormality in the ganglion cell layer may influence the first order kernel response or in retinal elements other than the ganglion cell may be affected in ADOA.
Conclusion
The multifocal electroretinography provides detailed information of local activity of the cone system. It was possible to detect macular cone dysfunction in patients with early and advanced SMD, AMD, cone dystrophies, and retinal vein occlusions. In most of the patients with maculopathies, the photopic Ganzfeld ERG was normal, so that multifocal ERG can be valuable in diagnosing these diseases. Also, affections of the retina could be distinguished from optic nerve diseases, since all patients with ADOA showed normal multifocal ERG amplitudes in the entire test field.
